Introduction {#sec1-1}
============

Traumatic brain injury (TBI) is a neurodegenerative condition induced by an external mechanical force to the brain and is a leading cause of mortality and disability worldwide\[[@ref1]\]. Brain damage caused by mechanical forces at the moment of impact is often categorized as the primary injury and may involve necrotic cell death, neurovascular damage, axonal injury, oedema and ischaemia\[[@ref1]\]. These primary injuries initiate a complex cascade of secondary injury pathways that may develop over the minutes, days and months that follow\[[@ref2]\]. In addition to these central effects, TBI can also result in systemic changes in the immune, endocrine and sympathetic systems\[[@ref2]-[@ref4]\], all of which influence bone homeostasis\[[@ref5]-[@ref7]\]. As such, we previously assessed the effect of experimental TBI on bone in the rat. We found that bone mineral density, trabecular bone volume ratio, cortical bone thickness and cortical bone content, were decreased in femora of rats subjected to TBI at 12 weeks post-injury compared to sham-injured rats\[[@ref8]\]. These findings, along with those from previous studies in rodents and humans\[[@ref9]-[@ref11]\], suggest that the systemic influence of TBI may also include detrimental effects on bone mass and that brain-injured patients may have an increased risk of developing osteoporosis and be more susceptible to bone fracture. Specifically, human studies indicate that brain-injured patients have an elevated risk of hip fracture which has been associated with increased morbidity and mortality\[[@ref11]\].

There is currently no clinical pharmaceutical intervention available that improves long-term outcome following TBI\[[@ref12]\]. However, the delayed and progressive nature of the neurodegenerative aftermath of TBI provides an opportunity for a pharmacological intervention to mitigate these effects\[[@ref12]\]. Sodium selenate is a potent PP2A/PR55 activator that reduces the hyperphosphorylation of tau\[[@ref13]-[@ref15]\], and we previously assessed a 12-week sodium selenate treatment regimen as a novel TBI therapy in rats\[[@ref16]\]. Sodium selenate treatment significantly increased brain tissue PP2A/PR55, and reduced tau phosphorylation, brain damage and behavioral impairments following TBI compared to saline-vehicle treatment\[[@ref16]\]. These findings demonstrate that sodium selenate may be a novel therapeutic approach to improve outcome following TBI. Importantly, sodium selenate is highly water-soluble, readily crosses the blood brain barrier, and a treatment regimen similar to that used in this study has already been demonstrated to be safe in a six month Phase I trial in patients with prostate cancer\[[@ref15]\]. Sodium selenate is also currently being assessed in a Phase II study for Alzheimer's disease\[[@ref14]\]. Considering the lack of an effective pharmaceutical intervention for TBI patients, sodium selenate has the potential to be translated into clinical TBI trials.

Whether sodium selenate treatment and/or attenuating the brain injury affects bone mass after TBI, however, has yet to be determined. Furthermore, although we found no overt negative effects of sodium selenate treatment in rats in our initial TBI study\[[@ref16]\], and there were no documented serious side-effects in sodium selenate trials in Alzheimer's patients\[[@ref14]\], the potential for selenium toxicity is an important issue to consider. Though no studies have characterized the effect of prolonged sodium selenate treatment on bone, there is preliminary evidence that sodium selenate or sodium selenate metabolites may have toxic effects on skeletal cells\[[@ref17]\], and this is an important factor to consider as sodium selenate progresses towards clinical trials in TBI patients. For these reasons, here we investigated the effect of sodium selenate treatment on the quantity of bone within the femur of rats subjected to TBI. Male rats were randomly assigned into either sham injury or fluid percussion injury (FPI) groups and administered either saline or sodium selenate for 12 weeks post-injury. Open-field testing to assess locomotion was conducted at 4 and 12 weeks post-injury, and rats were killed at 12 weeks post-injury for analysis of femoral structural and mechanical properties.

Materials and methods {#sec1-2}
=====================

 {#sec2-1}

### Subjects {#sec3-1}

Fifty-four male Long-Evans hooded rats obtained from Monash animal research services (Melbourne, Australia) were 12 weeks of age and weighed 250-300 g at the time of injury. Rats were housed individually under a 12 hour light/dark cycle, and given access to food and water *ad libitum* for the duration of the experiment. Animal procedures were approved by The University of Melbourne animal ethics committee (\#1112173), and all animal experiments were carried out in accordance with the guidelines of the Australian code of practice for the care and use of animals for scientific purposes by the Australian National Health and Medical Research Council.

### Experimental groups {#sec3-2}

Rats were randomly assigned to one of four experimental conditions: sham-injury + saline-vehicle treatment (SHAM + VEH; n=13), sham-injury + sodium selenate treatment (SHAM + SS; n=15), fluid percussion injury (FPI) + saline-vehicle treatment (FPI + VEH; n=13), or FPI + sodium selenate treatment (FPI + SS; n=13). The assigned treatment began immediately post-injury, selenate treatment groups received 1 mg/kg/day\[[@ref16]\], delivered continuously via subcutaneously implanted mini-osmotic pump (Model 2006, Alzet, CA, USA) for the entire duration of the study.

### Surgery and FPI {#sec3-3}

FPI and sham-injury procedures were based on a standard protocol as previously described and used by our group\[[@ref16]\]. Briefly, rats were placed in a sealed Plexiglas box into which 4% isoflurane and 2 L/min oxygen flow was introduced for anaesthesia. Anaesthesia was maintained throughout surgery using a nose cone with a standard stereotaxic device and 2% isoflurane + 500 mL/min oxygen flow. Under aseptic conditions rats underwent a craniotomy (5 mm diameter) centred -3.0 mm posterior and 4.0 mm to the right of bregma to expose the intact dura mater of the brain. A hollow plastic injury cap was sealed over the craniotomy with cyanoacrylate and dental cement. A horizontal incision was made between the shoulder blades to allow for the rapid insertion of the subcutaneous mini-osmotic pump immediately post-injury. The rat was then removed from anaesthesia and attached to the FPI device via the head cap. At the first response of hind-limb withdrawal, rats received a FPI pulse to the brain with a force of 3 atmospheres. Upon resumption of spontaneous breathing the head cap was removed, the treatment pump was inserted, and the incisions were sutured. Sham-injury rats underwent the same procedures, except the fluid pulse was not administered. Six weeks post-injury, rats were anesthetized, the initial treatment pump was removed, and a replacement treatment pump was implanted as described above.

### Acute injury severity {#sec3-4}

Apnea, unconsciousness, and self-righting reflex times were monitored in all rats immediately after injury as indicators of acute injury severity\[[@ref18]-[@ref20]\]. Apnea was the time from injury to spontaneous breathing. Loss of consciousness was the time from injury to a hind-limb withdrawal response to a toe pinch. Self-righting reflex was the time from injury to the return of an upright position.

### Open-field testing {#sec3-5}

Locomotion was assessed using an open-field as previously described\[[@ref16],[@ref21]\]. Rats were tested at 4 weeks and 12 weeks post-injury. Rats were placed in the centre of a circular open-field arena (100 cm diameter) enclosed by walls 20 cm high, and allowed to freely explore for 5 min. Behaviour in the open-field was recorded by an overhead camera, and *Ethovision Tracking Software* (Noldus, Netherlands) quantified the total distance travelled.

### Peripheral quantitative computed tomography (pQCT) {#sec3-6}

Femora (right) were fixed in paraformaldehyde and stored as previously described\[[@ref22]\]. Scans were performed using a Stratec XCT-Research SA+ scanner (Stratec Medizintechnik GmbH, Pforzheim, Germany) as previously described\[[@ref23]-[@ref25]\]. Briefly, a 1 mm slice (peel mode 20, contour mode 1) was taken at the distal metaphysis (15% of total femoral length, from upper border of distal condyle) and at the midshaft (50% of total femoral length, from upper border of distal condyle) to quantify cortical bone. Tissue of a density of 710 mg/cm^3^ or greater was considered cortical bone. Bone mineral content, density and thickness of femoral bone were analysed.

### Histological processing, staining, and histomorphometry {#sec3-7}

Prior to histological processing, femoral length was measured using digital measuring callipers. Femora were then processed to plastic, sectioned and stained according to previous methods\[[@ref26]\]. Briefly, femora were dehydrated in a graded series of ethanols and infiltrated and embedded in LR White resin (London Resin Company limited, Reading, England). Five micron thick longitudinal plastic sections were cut at the midpoint of undecalcified femur on a Leica RM 2155 Rotary Microtome (Leica, Wetzlar, Germany) with a tungsten carbide knife. Sections were stained using Goldner's modification of Masson's trichrome stain. Four sections per femur were examined and photographed on a Leica DMBRE microscope. Sections of femur were assessed both qualitatively and quantitatively. Trabecular bone measurements were obtained from a 5 mm^2^ field, positioned 1 mm distal to the lowest point of the epiphyseal cartilage plate in the metaphysis using Leica Qwin software (Leica Microsystems, Wetzlar, Germany).

### Mechanical testing {#sec3-8}

Biomechanical properties of the diaphysis of the left femur (mediolateral bending) were assessed using a three-point bending apparatus\[[@ref27]\]. Load and deflection data were recorded continuously using transducers connected to an x-y plotter by preamplifiers. After testing, mechanically-fractured ends were imprinted into dental wax. Using images of each imprint, cross-sectional (CS) areas (mm^2^) were measured using a Leica DMRBE microscope linked to a PC with Leica Qwin software (Leica Microsystems, Wetzlar, Germany). The overall cross-sectional area of each bone at its breaking point was then calculated by averaging the measured areas of each mechanically-fractured end. Biomechanical properties measured were: peak force to failure, stiffness, ultimate bending stress and bending modulus. All of these parameters were calculated from the load deflection data.

### Statistical analysis {#sec3-9}

A two-way ANOVA, with treatment and injury as the between-subjects variables, was used to analyze all measures. Tukey post-hoc comparisons were carried out when appropriate. All data was analyzed using GraphPad prism 6 (GraphPad software, Inc.) with significance defined as p\<0.05.

Results {#sec1-3}
=======

 {#sec2-2}

### Acute injury severity {#sec3-10}

FPI worsened apnea (*p*\<0.001), unconsciousness (*p*\<0.001), and self-righting reflex times (*p*\<0.001) compared to sham-injury regardless of the assigned treatment group ([Table 1](#T1){ref-type="table"}).

###### 

Acute injury severity measures, FPI resulted in worsened acute injury severity outcomes as indicated by increased apnea, hind-limb withdrawal, and self-righting reflex times compared to the sham-injured group regardless of the assigned treatment. \*=FPI significantly greater than sham-injured group, *p*\<0.001. Values are mean±SEM.

                   SHAM + VEH   SHAM + SS   FPI + VEH   FPI + SS
  ---------------- ------------ ----------- ----------- ----------
  Apnea            0            0           40±4\*      40±3.0\*
  Unconciousness   0            0           320±30\*    335±25\*
  Self-righting    140±11       132±12      512±23\*    528±24\*

### Locomotor activity {#sec3-11}

Locomotor activity was assessed at 4 and 12 weeks post-injury in the open-field. There were no differences in distance travelled in the open-field between sham and TBI rats at any of the time-points regardless of the assigned treatment group ([Figure 1](#F1){ref-type="fig"}).

![No difference in total distance travelled during open-field session was observed between groups.](JMNI-16-369-g001){#F1}

### Histologic and histomorphometric analysis {#sec3-12}

There was a decreased proportion of trabecular bone in FPI + VEH rats compared to SHAM + VEH rats, however there was a larger proportion of trabecular bone in FPI + SS rats when compared to FPI + VEH rats (*p*\<0.01; [Figure 2a](#F2){ref-type="fig"}-[d](#F2){ref-type="fig"}). Data obtained from histomorphometric analysis ([Figure 2e](#F2){ref-type="fig"}) reflected the qualitative histological assessment; as two-way ANOVA revealed a significant injury x treatment interaction (*p*\<0.001) on the trabecular bone volume ratio (BV/TV). Post-hoc analyses confirmed a significant decrease in the percentage of trabecular bone in FPI + VEH rats compared to both SHAM + VEH and FPI + SS groups (*p*\<0.01; [Figure 2e](#F2){ref-type="fig"}).

![a-g. Longitudinal representative histological sections of the distal metaphyseal region of femora (a-d). Histological assessment shows FPI + VEH rats (a) had a lower fraction of trabecular bone compared to SHAM + VEH rats (b). Whereas, there was a larger proportion of trabecular bone in FPI + SS rats (d) when compared to FPI + VEH rats (c; Goldner's trichrome stain; original magnification 25 x). Histomorphometric analysis (e) shows a decreased trabecular bone volume fraction in FPI + VEH rats compared to SHAM + VEH rats however trabecular bone volume fraction was greater in FPI + SS rats compared to FPI + VEH rats. SS-treated rats had shorter femora (f) and wider growth plates (g) compared to VEH-treated rats. Treatment\*\* indicates a significant main treatment effect. \*p\<0.05, \*\*p\<0.01, \*\*\*p\<0.001.](JMNI-16-369-g002){#F2}

Two-way ANOVA also revealed a significant treatment effect on femoral length (*p*\<0.001), with femoral length of SS-treated rats decreased by 4.3% compared to VEH-treated rats (*p*\<0.001; [Figure 2f](#F2){ref-type="fig"}). Growth plate width was increased by 22.1% in SS-treated rats compared to VEH-treated rats (*p*\<0.01; [Figure 2g](#F2){ref-type="fig"}).

### pQCT {#sec3-13}

Two-way ANOVA revealed a significant injury x treatment interaction (*p*\<0.005) on the measure of cortical thickness. Post-hoc analysis indicated that FPI + VEH rats had significantly reduced cortical thickness compared to both SHAM + VEH and FPI + SS groups (*p*\<0.05; [Figure 3a](#F3){ref-type="fig"}), whereas the SHAM + VEH and FPI + SS groups did not differ. Analysis of the distal metaphyseal region of femora revealed no difference in total bone density or cortical content ([Figure 3b](#F3){ref-type="fig"}, [c](#F3){ref-type="fig"}). No differences were observed at the midshaft in any measured parameter ([Figure 3d](#F3){ref-type="fig"}-[f](#F3){ref-type="fig"}).

![a-f. pQCT analysis of bone parameters of the distal metaphyseal and midshaft region of femora. The distal metaphyseal region of femora from FPI + VEH rats had reduced cortical thickness compared to both SHAM + VEH and FPI + SS groups (a). No difference in total bone density or cortical content were observed (b and c) at the distal metaphysis. Nor were there any differences observed at the midshaft in measured parameter (3d-f). \* *p*\<0.05.](JMNI-16-369-g003){#F3}

### Mechanical testing {#sec3-14}

There were no statistically significant differences in biomechanical measures ([Table 2](#T2){ref-type="table"}).

###### 

Biomechanical characteristics of sham-vehicle, sham-selenate, FPI-vehicle and FPI-selenate femoral samples. There were no differences in any measured mechanical properties between any groups. Values are mean ± SEM.

                                             SHAM + VEH (n=15)   SHAM + SS (n=15)   FPI + VEH (n=14)   FPI + SS (n=14)
  ------------------------------------------ ------------------- ------------------ ------------------ -----------------
  Peak force (N)                             222±6               221±7              230±10.7           225±11
  Stiffness (x 10^4^ Nm^2^)                  29.5±1.0            30.1±1.1           29.7±1.0           29.2±1.1
  Cross sectional area (x 10^-6^ µm^2^)      6.8±0.2             6.8±0.2            6.2±0.6            6.8±0.3
  Ultimate bending stress (x 10^7^ Nm^-2^)   6.9±0.2             6.8±0.2            6.8±0.2            7.0±0.3
  Bending modulus (x 10^9^ Nm^-2^)           3.4±0.2             3.4±0.2            3.2±0.2            3.4±0.1

Discussion {#sec1-4}
==========

We recently demonstrated that TBI is detrimental to bone microstructure in rats\[[@ref8]\], which is consistent with human findings that link brain injury to the later onset of osteopenia, osteoporosis and long-term elevated risk of fracture\[[@ref28],[@ref29]\]. We have also previously shown that sodium selenate treatment attenuates brain damage and reduces behavioural impairments following experimental TBI in rats\[[@ref16]\]. The effect sodium selenate treatment has on TBI-induced reduction in bone mass is unknown, but its effect on bone is important to consider if its potential therapeutic use is to be translated to the clinical TBI setting. Therefore, here we assessed the effect of continuous sodium selenate treatment on the quantity of bone within the femur of rats subjected to TBI 12 weeks post-injury. Histomorphometric analysis demonstrated that there was a larger proportion of trabecular bone in TBI rats treated with selenate compared to their vehicle treated counterparts. Furthermore, pQCT analysis revealed that cortical thickness was increased in brain-injured rats that were treated with selenate compared to brain-injured rats treated with vehicle. Interestingly, femora from selenate-treated rats were shorter in length and had increased growth plate width compared to vehicle-treated rats. Taken together, these findings suggest that selenate treatment mitigated TBI-induced reductions in bone volume, however it concomitantly reduced femoral growth. We also found that there were no differences between groups in distance travelled in the open-field which suggests that the effects of TBI and selenate treatment on bone were not confounded by immobilization.

The patterns of reduced bone volume in animals given TBI in this study were similar to those described in our previous investigation\[[@ref8]\], with the effects of TBI most evident at the femoral distal metaphysis. We observed no differences in mechanical properties or bone volumes of the femoral midshaft, which is perhaps not surprising given this region is almost exclusively comprised of cortical bone, which remodels at a slower rate than trabecular bone due to a low surface-to-volume ratio\[[@ref30]\]. It is possible that changes at this region take longer to manifest and may have occurred at time-points not featured in this study. In accordance with our previous findings, here we observed significant reductions in bone volume at the distal metaphysis, which is a metabolically active region of bone that is susceptible to bone loss\[[@ref31]\].

Brain-injured rats treated with sodium selenate did not have the reductions in distal metaphyseal bone volume of their vehicle-treated counterparts. Therefore it is possible, that the increased bone volumes observed in brain-injured selenate-treated rats was due to the attenuation of the brain injury via selenate treatment. Several of the secondary injury mechanisms of TBI have the potential to have significant catabolic effects on bone. In particular, the neuroinflammatory response that occurs post-TBI can be chronically activated post-TBI\[[@ref2]\], and can lead to persistent elevation of circulating cytokines, many of which have been shown to induce osteoclastic bone resorption\[[@ref2],[@ref32]\]. Therefore, it is possible that sodium selenate prevented loss of bone via inhibition of the neuroinflammatory response post-TBI. In addition, the increased sympathetic outflow following TBI may also contribute to TBI-induced bone loss\[[@ref4]\]. Several studies have shown how sympathetic activation of β-adrenergic signalling in osteoblasts inhibits bone formation and triggers osteoclastogenesis and bone resorption\[[@ref4],[@ref33]\], therefore sodium selenate may have reduced the extent of sympathetic signalling and thus indirectly reduced bone loss.

Though we hypothesise that sodium selenate treatment reduced TBI severity and thereby prevented bone loss, it is possible that sodium selenate had direct influences on bone tissue that may have prevented bone loss following TBI. *In vitro* data suggest that sodium selenite, a major metabolite of sodium selenate\[[@ref15]\], can induce apoptosis of osteoclast-like cells via the mitochondrial pathway\[[@ref34]\]. Further, intraperitoneal injection of mice with sodium selenite was found to inhibit differentiation of bone marrow-derived monocytes into osteoclasts\[[@ref34]\]. Therefore, taking these previous findings into account, it is possible that in the current study, the metabolite sodium selenite reduced bone resorption by decreasing osteoclastic formation and increasing osteoclastic apoptosis, which thereby reduced bone loss in selenate-treated TBI rats compared to vehicle-treated TBI rats. Interestingly, however, we saw no effects of sodium selenate treatment on distal metaphyseal bone volumes in sham animals, which possibly indicates that there was no direct effect of sodium selenate treatment on metaphyseal bone turnover in uninjured animals.

Direct effects of sodium selenate treatment were however apparent at the growth plate, with treated rats displaying reduced femoral length and increased growth plate width. A previous study has reported morphological changes in epiphyseal plates of rats treated with sodium selenate\[[@ref17]\]. Furthermore, sodium selenite has been shown to induce growth retardation in rats\[[@ref35],[@ref36]\]. The precise cellular and molecular mechanisms through which these above changes occur, however are not entirely understood. The reduced longitudinal bone growth and increased epiphyseal growth plate width observed in selenate-treated rats indicates that selenate treatment impaired cartilage-to-bone conversion at the growth plates. Known as endochondral ossification, this process involves the resorption of calcified cartilage matrix at the base of epiphyseal plates by osteoclasts, which then allows blood vessel invasion and bone formation by osteoblasts, which use the calcified cartilage matrix as a template on which to form bone\[[@ref37]\]. Several animal studies have shown that pharmacological inhibition of osteoclastic activity with bisphosphonates markedly interferes with the endochondral ossification process, which results in widened growth plates and impaired longitudinal bone growth\[[@ref38],[@ref39]\]. These findings, along with the aforementioned associations between sodium selenate and reduced numbers of osteoclasts, suggest that the femoral growth plate deficits observed in sodium selenate-treated animals likely occurred due to impaired osteoclastic activity.

A limitation of this study is the lack of dynamic bone formation parameters. For example, additional data examining bone formation rate, mineral apposition rate and mineralizing surface may have indicated whether the observed changes occurred due to reduced osteoblast activity which would have been informative and should be examined in future studies. Despite the observed deficits at the epiphyseal growth plate, the underlying metaphyseal trabecular and cortical bone volumes were unaffected by sodium selenate treatment, a finding that is similar to that reported in bisphosphonate-treated animals with similarly impaired long bone growth\[[@ref38],[@ref39]\]. Further studies are necessary to determine the effects of sodium selenate on bone health in humans; however, our findings in rats suggest that sodium selenate treatment inhibits long bone growth in juveniles, but may not have detrimental effects on adult bone.

Conclusion {#sec1-5}
==========

These are the first findings to indicate that selenate treatment was effective at preventing reductions in bone volume post-TBI. Selenate treatment, however, also decreased long bone growth in rats that had yet to reach skeletal maturity. Therefore, the observed detrimental effects on bone growth in the current study should be carefully considered if sodium selenate treatment is to be translated in a clinical TBI setting in juveniles who experience a TBI. Further studies are needed to define the exact mechanism through which sodium selenate treatment prevented reductions in bone volume post-TBI, though the findings of this study, along with the previous rodent studies, provide strong preliminary evidence that pharmacological interventions attenuating TBI pathobiology may reduce the risk of osteoporotic development.
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